INTRODUCTION
The NADPH oxidase of phagocytic cells (in the new terminology NOX2) is a complex enzyme, the subunits of which are distributed between different compartments of the resting cells. In neutrophilic granulocytes, cytochrome b 558 (consisting of gp91 phox and p22 phox ) resides in the plasma membrane and in the membrane of the secretory vesicles, whereas p47 phox , p67 phox and Rac are cytosolic proteins. In human neutrophils, Rac2 is involved in the oxidase, but in other cell types Rac1 is the participating small GTPase. Upon activation of the phagocyte, p47
phox , p67 phox and Rac2 (or Rac1) translocate to the membrane where the functioning oxidase complex is formed. The site of oxidase activation depends on the nature of the stimulus: soluble stimulants induce activation of the enzyme in the plasma membrane whereas during phagocytosis this occurs in the membrane of the forming phagosome.
The active oxidase complex carries out the transfer of one electron from cytosolic NADPH to molecular oxygen, producing thereby superoxide anion ðO $K 2 Þ in the extracellular or in the intraphagosomal space and H C in the cytosol. The electrogenic functioning of the oxidase was suggested by Henderson et al. (1987) and later clearly demonstrated by recording of electron currents in activated granulocytes (Schrenzel et al. 1998) . Detailed analysis of the current-voltage relationship revealed that the oxidase is able to transfer electrons against a steep potential gradient: electron current ceases only when the transmembrane potential reaches C200 mV Petheo & Demaurex 2005) .
On the basis of the amplitude of the recorded electron current and the capacitance of the plasma membrane, Thomas DeCoursey (2003) calculated that activated neutrophils depolarize with a speed of 1.1 V s K1 . Starting from the resting membrane potential of K60 mV, the critical value of C200 mV would thus be arrived at within 250 ms when-in the absence of any compensating ion movement-O $K 2 production would cease. In eosinophils, the duration of O $K 2 generation would be about 10 times shorter, limited to approximately 25 ms. Thus, sustained function of the NADPH oxidase and long-lasting O $K 2 production depend on the possibility and intensity of compensating ion movements. Sustained activity of the NADPH oxidase seems to be essential for optimal destruction of invading micro-organisms, as genetic defect of any oxidase subunit results in impaired O $K 2 production and development of serious infectious states in chronic granulomatous disease (CGD) patients. We suggested in an earlier review (Geiszt et al. 2001 ) that electrophysiological alterations may contribute to the pathogenesis of CGD.
POSSIBILITIES OF CHARGE COMPENSATION IN PHAGOCYTES H
C ions were proposed as charge compensation for O $K 2 -production very early (Henderson et al. 1987) and since then several groups have described and analysed in detail the electrogenic H C transporting pathways of phagocytic cells (for review see DeCoursey 2003) . Although the molecular identity of the H C channels is still a topic of intensive debate (DeCoursey et al. 2002; Henderson & Meech 2002; Maturana et al. 2002; Touret & Grinstein 2002; Petheo et al. 2003) , all the authors agree on the voltage dependency of the process. The threshold of H C efflux is modified by several factors: activators such as arachidonic acid or phorbol miristate acetate (PMA)-treatment of the cell or an increase of the transmembrane pH gradient shift it to more negative voltages, whereas a shift to more positive voltages occurs in the presence of inhibitors such as Zn 2C or Cd 2C . In any case, the threshold lies by tens of millivolts to the positive side of the prevailing resting membrane potential, thus depolarization of the cell membrane is required for opening of the voltage-gated proton channels (DeCoursey & Cherny 1993; Demaurex et al. 1993; Kapus et al. 1993) . Compensation of electron transfer by H C efflux prevents cytosolic acidification and at the same time provides protons for intraphagosomal dismutation of superoxide (figure 1).
Recently, attention has been directed to K C as potential charge compensating ion and some experimental findings do support this suggestion. (i) The resting membrane potential of granulocytes is around K60 mV (Jankowski & Grinstein 1999; DeCoursey 2003) , only approximately 10 mV more positive than the equilibrium potential for K C . The proximity of these two values indicates that under resting conditions, the dominating conductance of the plasma membrane is for K C .
(ii) In the intraphagosomal pH, an initial alkalinization was observed, followed by later acidification, indicating a delay in H C accumulation in the phagosome (Segal et al. 1981) . The advantage of K C accumulation in the phagosome could be the activation of cationic proteases by promoting their dissociation from the anionic proteoglycan matrix in which form they are stored in the neutrophilic granules (Reeves et al. 2002) . In later studies, this ingenious suggestion was turned into an exclusive theory according to which in the presence of granule proteins O $K 2 and its derivatives do not contribute at all to the destruction of ingested micro-organisms (Reeves et al. 2003 ) and the entire killing activity of neutrophils depends only on K C movements (Ahluwalia et al. 2004) . In this view, the role of NADPH oxidase is restricted to providing the driving force for K C movements. A further possibility for charge compensation would be influx of anions into the cytoplasm (figure 1). The major mobile anion present in the extracellular fluids of the human body is Cl K . However, total Cl K content of phagosomes would only allow the compensation of less than 4% of electron transfer in activated neutrophils (DeCoursey 2004) .
In view of these controversies on the species and role of compensating ion movements accompanying electron transfer via the NADPH oxidase, we decided to carry out a detailed quantitative analysis. The altered parameter was the rate of O $K 2 -generation that we decreased by increasing concentrations of the inhibitor diphenylene-iodonium (DPI). Changes in the plasma membrane potential, K C release (on the basis of 86 Rb efflux) and bacterial survival were followed in parallell and data were analysed in relation to each other (Rada et al. 2004 ).
RELATION OF O
2 production results in a rapid change of the plasma membrane potential of neutrophilic granulocytes from the resting value of K60 mV up to C58 mV ( Jankowski & Grinstein 1999) . Identical stimulation does not induce any change in the membrane potential of CGD neutrophils, indicating that the depolarization is the result of electron transfer via the assembled oxidase complex and not of other signalling events (Seligmann & Gallin 1980; Geiszt et al. 1997) .
Comparing the extent of membrane depolarization to the rate of O $K 2 production revealed a highly nonlinear relationship (figure 2a). Already 50% of the maximal depolarization was achieved at the lowest measurable rate (approx. 2-3% of the maximal rate) of O 2002; DeCoursey 2004). Taking this value in consideration, we calculated for each experimental point of figure 2b the fraction of electron flow compensated by K C efflux (figure 3a). At the lowest activity of the oxidase, approximately half of the electron transfer is compensated by K C , whereas this proportion rapidly decreases as the rate of O $K 2 production increases. This calculation is in good agreement with earlier measurements. In patch clamp experiments, carried out in activated eosinophils, the measured membrane potential showed linear relationship with the transmembrane pH gradient altered in a broad range by variations of the pH of the pipette and the bath solution (Bánfi et al. 1999 ; figure 3b ). The correspondence of the membrane potential to the H C equilibrium potential indicates that-in contrast to the resting state-in the fully activated state of the granulocytes, H C conductance dominates over the conductance of any other ion.
Finally, our experimental data allowed us to relate K C release to membrane potential. As shown in figure 4, in the range where our techniques allowed us to carry out measurements, a linear relationship was obtained between these two parameters. Thus, in our experiments there was no indication of any change in the K C conductance of the plasma membrane. phagocytosed bacteria and of their survival. We obtained diverging results depending on whether Escherichia coli or Staphylococcus aureus were applied (figure 5). In case of E. coli, the killing process did not seem to depend on oxidase activity, as the survival rate increased only from 15 to 24% while O $K 2 production decreased from 100 to 2%. This result is in agreement with previous observations ascribing to non-oxidative processes the major role in killing of E. coli. In contrast, killing of S. aureus is strongly dependent on oxidative processes. Relating bacterial survival to the rate of O $K 2 production, we obtained a multiphase relationship. Decreasing the rate of O $K 2 generation from 100 to 20% resulted in a gradual, over tenfold increase of bacterial survival (from 7 to 89%) indicating a significant impairment of the killing capacity. It should be recalled that under these conditions there is almost no change either in the membrane potential or in K C release (figure 2). Decrease of O $K 2 production below 20% was accompanied by a steeper increase of bacterial survival that became almost hyperbolic in the very low range: a decrease of O $K 2 production by only 2% (from 5 to 3% maximal capacity) increased bacterial survival from 130 to 195% of the original bacterial count. Under these conditions both membrane depolarization and K C release changed significantly (figure 2).
RELATION OF BACTERIAL SURVIVAL TO O
To get more insight into the possible role of the electrophysiological changes in the killing process, we related our data on bacterial survival to changes of membrane potential (figure 6a) and K C release (figure 6b) occurring under similar experimental conditions. Our quantitative analysis revealed for both electrophysiological parameters a clear linear relationship with bacterial survival (figure 6), suggesting that both membrane potential changes and K C release may have a functional role in the killing process of neutrophilic granulocytes.
Next, we tried to modulate membrane potential and O $K 2 production separately. Zn 2C was shown to inhibit electrogenic H C pathway(s) in granulocytes (Kapus et al. 1992; DeCoursey et al. 2003) and increase both the depolarization and cytosolic acidification following stimulation of granulocytes. In presence of 10 mM ZnSO 4 , we detected clearly increased depolarization (figure 7a) and other authors demonstrated an increase of K C release under similar conditions (Ahluwalia et al. 2004) . The rate of O $K 2 generation was slightly lower in the presence of 10 mM ZnSO 4 than in the presence of 5 nM DPI (figure 7a). However, bacterial survival showed different tendency in the presence of the two inhibitors: whereas 5 nM DPI increased bacterial survival approximately threefold (from 6.7 to 21%), in the presence of 10 mM ZnSO 4 we observed slightly, but consistently lower survival of S. aureus than in the control, untreated samples (figure 7b). Thus, impaired O $K 2 production may be compensated by enhanced depolarization and K C release.
BOTH O $K

PRODUCTION AND K C RELEASE CONTRIBUTE TO DESTRUCTION OF MICRO-ORGANISMS
On the basis of our experimental and calculated data, we propose that both O $K 2 generation and K C release initiated as charge compensation for electron transfer via the NADPH oxidase participate in the complex killing process of micro-organisms taking place in the isolated space of phagosomes. However, the significance of one or other process may vary depending on the exact conditions. In figure 8 , we summarize the dominating events of different phases of bacterial killing.
In the first phase, at very low rate of O $K 2 production, K C is the major charge compensating cation. Approximately half of the charge moved via the NADPH oxidase is compensated for by K C movement and the majority of K C efflux to the extracellular or intraphagosomal space occurs in this phase. However, the K C conductance of the membrane does not allow full charge compensation to take place, hence the rapid depolarization observed when the rate of O $K 2 production is below 5-10% of its maximal capacity. Several observations suggest that the electrophysiological changes taking place in this phase contribute to the killing process: (i) bacterial survival decreases rapidly in this initial phase of NADPH oxidase activation. mainly by H C efflux whereas K C release is minimal. Nevertheless, there is a monotonous and significant decrease in bacterial survival proportional to the increase of the rate of O $K 2 production. We ascribe this increase in the killing capacity to the accumulation of O $K 2 anions, H C ions and the derivatives formed thereof. Thus, while our experiments indicate that K C release is likely to provide detectable contribution to destruction of certain micro-organisms, it should be noted that profound and almost complete elimination took place only when NADPH oxidase was allowed to work at full capacity.
In our experiments, the activity of the NADPH oxidase was limited by varying concentrations of the inhibitor DPI. At the moment, no endogenous inhibitor of the oxidase is known. However, substrate supply could limit the activity of this enzyme in vivo. The Km of the phagocytic oxidase for oxygen was reported to be in the range of 5-10 mM (Cross & Segal 2004) . In human extracellular fluids, this concentration of oxygen corresponds to a partial pressure of 4-8 mmHg. There are thus places and conditions in the human body, such as poorly perfused regions or the interior of abscesses, when the partial pressure of oxygen is below the Km of the oxidase, allowing only low rate of O $K 2 production. According to recent patch clamp measurements, also the intracellular NADPH concentration may be limiting the enzyme activity (Petheo & Demaurex 2005) . Under these conditions, Taken together, we propose that production of O $K 2 on the one hand, and the release of compensating cations on the other hand, should not be regarded as alternative mechanisms, but rather as complementary processes both contributing significantly to the final outcome.
6. ACTIVITY OF NADPH OXIDASE ALTERS Ca 2C HOMEOSTASIS OF GRANULOCYTES Activation of the chemotactic, chemokine and purinergic receptors in the plasma membrane of neutrophilic granulocytes initiates a rapid Ca 2C signal. The first phase of this Ca 2C signal is due to Ca 2C release from intracellular stores, whereas the sustained phase can be ascribed to delayed entry of Ca 2C via storedependent (or capacitative) Ca 2C channels (Scharff & Foder 1993) . Opening of the capacitative Ca 2C channels is the consequence of depletion of intracellular Ca 2C stores and the ion flux through these channels follows the prevailing electrochemical gradient of Ca 2C across the plasma membrane (Geiszt et al. 1997) .
As detailed above, the membrane potential of resting or activated neutrophils may differ by as much as 120 mV, thus the driving force for Ca 2C entry is significantly lower during active O $K 2 production than in rest. In fact, we have shown in an earlier study (Geiszt et al. 1997) (Davies & Hallett 1998; Dewitt & Hallett 2002) , substantiating our findings nicely.
In our view, if O $K 2 production is able to interfere with Ca 2C entry so dramatically, there should be significant differences in the Ca 2C homeostasis of healthy and CGD neutrophils. However, the only previous investigation, using a Ca 2C -specific dye of high chelating capacity, did not find any difference in the fMLP-induced Ca 2C signal of CGD cells (Lew et al. 1984) . Using a more sensitive dye, we obtained clear difference in the fMLP-induced Ca 2C signal of healthy and NADPH oxidase deficient PLB-985 cells (figure 9a). We did not see any difference in the ATPinduced Ca 2C signal (ATP does not activate the NADPH oxidase) or if fMLP-stimulation was carried out in Ca 2C -free solutions, indicating that it was really Ca 2C entry that was impaired during O $K 2 production. The difference of the Ca 2C signal observed in genetically modified myeloid cells could be mimicked in healthy neutrophils by inhibition of the oxidase by DPI (figure 9b). Acceleration of Ca 2C influx and hyperactivation of CGD neutrophils has also been reported by other groups (Tintinger et al. 2001) .
As discussed recently in an Editorial Review (Hallett 2003) , inhibition of Ca 2C entry into activated neutrophils may represent a self-regulatory and selfprotecting mechanism. Activation of plasma membrane receptors induces a Ca 2C signal that is necessary for diverse functions, such as efficient activation of the NADPH oxidase or exocytosis of the various granule populations (Scharff & Foder 1993 protecting thereby the cell from an excess Ca 2C load. This mechanism resembles the coupled activation of voltage-gated Ca 2C channels and Ca
2C
-dependent K C channels in other cell types. In excitable cells such as smooth muscle or chromaffin cells, depolarization opens voltage-gated Ca 2C channels, but Ca 2C entry via these channels initiates the opening of Ca 2C -dependent K C channels, the ensuing K C efflux then leads to hyperpolarization and closing of the voltagegated Ca 2C channels, limiting thereby the Ca 2C load during each activation event (Orio et al. 2002) . Lack of the self-protecting mechanism in neutrophils expressing a defective NADPH oxidase could contribute to the pathogenesis of CGD. In neutrophils, an elevation of [Ca 2C ] ic was shown to inhibit locomotion (Laffalian & Hallett 1995) , activate phospholipase A 2 (Tintinger et al. 2001) , induce the de novo synthesis of cytokines, such as the chemotactic agent IL-8 (Kuhns et al. 1998) , and-contrarily to many other cell typesto retard apoptosis (Whyte et al. 1993) . In fact, in CGD cells, both spontaneous and induced apoptosis were shown to be significantly slower than in healthy neutrophils (Kasahara et al. 1997) . Thus, all these changes may result in accumulation and immobilization of granulocytes with prolonged lifetime at certain sites, and may contribute to the formation of granulomas typical for the CGD patients.
CONCLUDING REMARKS
Data and experimental results summarized in this review were obtained in phagocytic cells, mostly in neutrophilic and eosinophilic granulocytes expressing the NADPH oxidase NOX2. As detailed in other reviews of this issue, several homologues of the phagocytic NADPH oxidase have been discovered in the recent years. They all carry out transmembrane electron transport, thus their function is electrogenic as well and depends on possibilities of charge compensation. The problems and ideas communicated in this review have relevance for the entire NOX family and will surely be investigated in various NOX-expressing cell types in the future.
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